Introduction
Biologics are complex molecules produced in living organisms. Over the last few decades, they have gained lot of attention in oncology medicine due to the greater understanding of the molecular biology of biomarkers associated to cancer progression. The US Food and Drug Administration (FDA)-approved biologics used in oncology fall into four categories: 1) ] ). These biologics have distinct mechanisms of action toward the cancer cell. For example, mAbs, large glycoproteins produced by B-cells exposed to a specific antigen, 1 act by either inducing the immune system to attack tumor cells or improving tumor recognition by the immune system. The ADCs ado-trastuzumab emtansine and brentuximab vedotin are antibodies conjugated to potent chemotherapeutic agents (payloads [PLs] ) through linkers which allow for the PL to be specifically delivered to the cancer cell bearing the specific antigen. 2 The fusion protein, ziv-aflibercept, is made from a fusion gene of two dissimilar genes for inhibiting binding and activation of cognate receptors responsible for tumor survival. 3 The novel BiTE blinatumomab transiently links CD3-positive T cells to CD19-positive B cells, resulting in induction of T-cell-mediated serial lysis of acute lymphocytic B-cells and concomitant T-cell proliferation. 4 Biologics have great promise in oncology because of their adequate benefit to risk profile. Yet, biologics are not without variability in patient response 5 or class-related adverse drug reactions (ADRs). 6 Therapeutic drug monitoring (TDM) is a method of controlling for both inadequate response and ADRs through measuring plasma/blood trough concentrations during treatment and making necessary dosage adjustments for plasma/blood drug concentration to optimize dosing. 7 Development and proactive utilization of TDM has demonstrated improved clinical application for several drugs 8 including the biologic, infliximab 9,10 used for the treatment of inflammatory bowel disease (IBS). Plasma trough levels of infliximab are positively associated with IBS treatment efficacy 11 in addition to an increase in ADRs such as life-threatening infusion reactions. 12 Combined with the significant inter-individual variability (IIV) of the pharmacokinetics (PK; how the body absorbs, distributes, metabolizes, and excretes drugs 13 ) of infliximab (leading to varied patient response), TDM for infliximab was poised for successful clinical implementation. 9 By using the profile of infliximab, characteristics may prove useful in determining which biologics may benefit from developing TDM for that agent.
Drug characteristics are traditionally examined in the context of PK and pharmacodynamics (PD; the effect of the drug on the body). The interplay between PD, PK, and clinical response can be assessed through exposure-response (E-R) relationships 14 which examine the association between the drug's serum concentrations or total exposure through the area under the curve (AUC) and clinical outcomes (efficacy and/or safety). 15 Some oncology mAbs, such as alemtuzumab, demonstrate a positive E-R relationship for efficacy, meaning that an increase in therapeutic protein AUC correlates to a higher probability in influencing cancer response. 16 A drug with a positive E-R relationship for efficacy warrants a larger exposure of the drug compared to one without an established E-R relationship, which is especially true with anti-oncologic medication given the inherent high risk associated with cancer. In addition to effectiveness, toxicity must also be considered because many (but not all) biologics have documented a maximum tolerated dose (MTD; the highest clinically tested dose with acceptable toxicity). 17 If a drug has a positive E-R relationship of safety (which correlates an increase in AUC with an increased ADR risk) and an established MTD, it is plausible to assume that the drug will also have an upper limit to an acceptable plasma/blood exposure level to the biologic. In this sense, biologics with a positive E-R relationship of safety and efficacy with an established MTD have an optimal plasma level which balances cancer killing with acceptable toxicity.
PK is defined by clearance (CL), volume of distribution in the central compartment (Vc), and volume of distribution in the peripheral compartments (Vp). In a previous review, Oude Munnick et al 10 made the argument that, of these three variables, CL appears to play the most significant role in mAb serum concentrations at the end of the dosing interval. Biologics require a minimum effective concentration to demonstrate adequate efficacy, and variations in CL can affect plasma drug levels, thereby impacting the effectiveness of these agents. If a therapeutic window exists for an oncologic biologic, patients with rapid CL are at risk of a suboptimal tumor control, while a low CL increases the risk of plasma levels putting patients at greater risk in experiencing ADRs. Conceivably, biologics with a positive E-R relationship for safety and efficacy, in addition to a large IIV of CL have the 
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Therapeutic drug monitoring of oncology biologics greatest chance of experiencing fluctuations in serum/plasma concentration and are at risk of falling outside of an optimal plasma concentration of the drug.
In assessing which biologics have the most potential for TDM, three assumptions were made in choosing the parameters set forth in this retrospective examination of FDA reviews: 1) the presence of a positive E-R relationship of efficacy indicates a correlation between drug effectiveness and AUC, therefore warranting a higher dose; 2) a positive E-R of safety with an established MTD indicates a correlation between AUC and ADR risk with a clinically set dose-limiting toxicity; and 3) adjusted IIV of CL indicates increased risk in AUC fluctuations resulting in increased risk of subtherapeutic plasma levels or increased risk of ADRs. Factors that may adjust for confounding in PK analysis (demographic factors, disease factors, blood chemistry, and immunogenicity) 10 were also examined. By using these assumptions, this study sought biologics with an optimal therapeutic window of activity as evidence by the presence of positive E-R relationships of safety/efficacy and an established MTD. Furthermore, risk of deviating from the window was examined by utilizing adjusted IIV of CL. By examining recently approved biologics that meet these criteria, this study hopes to find biologics for oncology, which may benefit most as well as quickly address the barriers in TDM development and implementation.
Materials and methods
The biologic therapies for oncology approved between 2005 and 2016 were reviewed according to the FDA's "Purple Book" (the list of biologic products and biosimilars licensed by the FDA). 18 Data on these drugs were extracted from clinical pharmacology and biopharmaceutics reviews published on the FDA's Approved Drug Products website. 19 The evaluated features of each drug include whether the drug had established E-R relationships for efficacy and safety, a defined minimum effective concentration, and MTD. Adjusted IIV of PK data was pulled from population PK (popPK) analyses published in the FDA reviews. Factors influencing IIV, such as demographic factors (weight, body surface area, age, renal function, hepatic function, sex, race), disease factors (Eastern Cooperative Oncology Group, tumor burden, target expression, target in circulation), blood chemistry (albumin, alkaline phosphatase), and immunogenicity (presence of anti-drug antibody), 10 were also included.
Results
As per the FDA's Purple Book, 15 oncology biologics were approved between 2005 and 2016. These drugs are summarized in Table 1 and include panitumumab, ofatumumab, ipilimumab, brentuximab vedotin, pertuzumab, zivaflibercept, ado-trastuzumab emtansine, obinutuzumab, ramucirumab, pembrolizumab, blinatumomab, givolumab, dinutuximab, necitumumab, and atezolizumab. 3, 18, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Data summarized in Table 1 include the number of subjects (n) in the final popPK analyses published in the FDA's Clinical Pharmacology Review, the presence/absence of E-R relationship for efficacy or for safety, unexplained IIV for PK parameters (CL, Vc, and Vp), and covariates of PK IIV. All therapies had defined minimum therapeutic concentrations. Five therapies had documented E-R relationships for both efficacy and safety: ipilimumab, brentuximab vedotin, ziv-aflibercept, blinatumomab, and necitumumab. Of the five with efficacy and safety E-R relationships, three had defined MTD: brentuximab vedotin, necitumumab, and blinatumomab. Blinatumomab had the greatest adjusted IIV for the CL at 97%, while the adjusted IIV in CL for brentuximab vedotin, necitumumab, and adotrastuzumab emtansine was 47%, 29%, and 19%, respectively ( Figure 1 ).
Discussion
This retrospective examination of the FDA clinical pharmacology reviews of oncology biologics assumed that proposed oncology biologics that may benefit from TDM optimization include agents with an established E-R relationship for efficacy and safety, an established MTD, and IIV of CL. These criteria were inspired from a review published by Oude Munnick et al, 10 which explored the rational for utilizing TDM in mAb therapy, focusing on characteristics of infliximab that influence plasma levels at the end of dosing intervals. Oude Munnick et al concluded that biologics which may be improved through TDM include Campath ® (alemtuzumab), obinutuzumab, Rituxan ® (rituximab), Erbitux ® (cetuximab), Herceptin ® (trastuzumab), and ado-trastuzumab emtansine. Of these agents, alemtuzumab, rituximab, cetuximab, and trastuzumab were not included in our study because they were licensed before the arbitrary cutoff year we set for the publication, that is, 2005. The dates of licensure for these products were 05/07/01, 11/26/97, 02/12/04, and 09/25/98, respectively.
Although the criteria published in the review by Oude Munnick et al were used to guide the examined biologics in this study, our study disagrees with the chosen biologics to focus on. Two biologics examined by both this study and the review by Oude Munnick et al 10 include ado-trastuzumab emtansine and obinutuzumab. Data on ado-trastuzumab emtansine were collected from a pooled analysis of five 
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Fleisher and ait-Oudhia clinical trials, and after E-R for efficacy was conducted, a correlation was found between the trough concentrations and median survival. 34 However, the E-R relationship for safety revealed an inverse trend for Grade 3, or worse hepatotoxicity and no significant trend for thrombocytopenia. 30 Similarly, popPK data of obinutuzumab from four clinical trials found a positive association between AUC and clinical response (change in tumor size, greater overall response, and prolonged progression-free survival), but E-R analysis for safety found no association between drug exposure 
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Therapeutic drug monitoring of oncology biologics and ADRs. 35 Oude Munnick et al makes the valid argument that the presence of a positive E-R relationship for efficacy without an E-R for safety mitigates toxicity concerns during dose intensification for ado-trastuzumab emtansine and obinutuzumab. 10 However, if one is to focus on agents with a positive E-R relationship for efficacy without a positive E-R relationship for safety, it could be argued that the drug should be given at as high a dose as possible since greater cancer killing effects are seen at higher doses regardless of the ADR risk profile. The lack of a defined E-R relationship calls into question the presence of a therapeutic window for these agents and the need for TDM.
E-R for safety was included in our examination because TDM has been classically reserved to monitor drugs with a narrow therapeutic window which includes monitoring drugs that can cause significant ADRs with increasing concentrations. 7 Because of this observation, our study focused on biologics that not only demonstrated increased efficacy with increasing plasma exposure but also increased risk of ADRs. As mentioned in the "Introduction" section, the inclusion of both an E-R for efficacy as well as safety suggests the presence of an optimized window in which tumor killing efficacy can be balanced with ADRs. Five therapies approved between 2005 and 2016 had documented E-R relationships for both efficacy and safety (ipilimumab, ziv-aflibercept, necitumumab, brentuximab vedotin, and blinatumomab).
The first two biologics in our list include ipilimumab and ziv-aflibercept. The steady-state concentration of ipilimumab, a mAb approved for advanced melanoma, is associated with improved overall survival as well as increase in immunerelated adverse events (including rash, diarrhea, colitis).
24,36
Similarly, steady-state exposure of ziv-aflibercept, a fusion protein approved for metastatic oxaliplatin-resistant colorectal cancer, was related to overall survival and incidence of hypertension and hemorrhage. Biologics have a relatively large therapeutic window, 10 and an indicator that could hint at clinical cutoff to upper level of therapeutic window is helpful in determining if an upper level to plasma level of biologic exists for these agents. MTD (an indicator for upper level of acceptable toxicity during Phase I dose-escalation studies for selecting a Phase II dose) 17 was assumed to indicate the clinical cutoff to upper level of acceptable dosing and upper limit to tolerable plasma levels. Neither ipilimumab nor ziv-aflibercept reached MTD in Phase I dose-escalation studies. Although the exact reason why these agents failed to meet MTD was unclear, it has been postulated that these agents deplete key immunological targets responsible for the cell killing, thereby inadvertently changing the apparent acceptable toxicity profile. 37, 38 For instance, ipilimumab targets CTLA-4 antibody on cytotoxic T-cells, eliciting an immune-based attack of melanoma, 39 depleting T-cells, and potentially altering immune-related adverse event risk in the process. Since neither ipilimumab nor ziv-aflibercept has a defined MTD, it is unclear whether the lack of MTD indicates a lack of a clinically reasonable upper limit to the therapeutic window or whether the lack of MTD is due to PD mechanisms. 40 Necitumumab, brentuximab vedotin, and blinatumomab did meet the established MTDs during Phase I clinical trials, suggesting that an upper limit to therapeutic window can be reached during clinical dosing. Necitumumab is an IgG1 mAb approved for locally advanced or metastatic squamous non-small cell lung cancer in combination with gemcitabine and cisplatin with an MTD at 800 mg. After E-R analysis was conducted, plasma levels were found to be related to both overall survival as well as hypomagnesemia. 28 Brentuximab vedotin, an ADC comprising a CD30-targeted mAb linked to an antimitotic PL, monomethyl auristatin E, was approved for use in both treatment of Hodgkin's lymphoma and anaplastic large cell lymphoma with a defined MTD at 1.8 mg/ kg. 41 Efficacy (overall response rate) and safety (grade 2+ peripheral neuropathy and grade 3/4 neutropenia) were found to be related to an increase in average steady-state ADC trough levels. 20 Blinatumomab is a novel BiTE approved for chromosome-negative (Ph-) acute lymphoblastic leukemia (ALL) in adult patients. Blinatumomab has a defined MTD at 60 μg/m 2 /day, a positive E-R relationship for both efficacy (CR/CRh; complete response with partial hematologic recovery) and safety (encephalopathy, aphasia, seizures, and cytokine release syndrome).
21,42
Marked PK variability is also a hallmark for drugs that benefit from TDM; 7 so, the fundamental aspects of PK (absorption, distribution, metabolism, and elimination) must also be considered. 10 Drug absorption can be affected by the administration method used for the drug, but the five biologics with proposed therapeutic window are administered via intravenous administration, which assumes 100% absorption of the drug. 43 Drug distribution is presumed to play a minimal role in variability in biologics because the large size of the molecules limits diffusion from the blood to peripheral compartments. 43 Hepatic metabolism is not expected to play as vital a role with biologics as with other oncology drugs because, aside from brentuximab vedotin, which has a monomethyl auristatin E PL that becomes hepatically metabolized, 20 biologic agents are primarily metabolized via proteolytic degradation into amino acids. 43 OncoTargets and Therapy 2018:11 submit your manuscript | www.dovepress.com
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Fleisher and ait-Oudhia Elimination appears to play the biggest role in PK processes because of how biologic agents are cleared from the body. mAbs bind to neonatal Fc-receptor (FcRn) found on the phagocytic cells responsible for metabolizing the biologic agents from the body. FcRn acts as a salvage receptor, delaying phagocytic degradation and prolonging the circulation time through FcRn-mediated recycling. 44 Of the PK covariates, CL appears to play the most significant role in serum concentrations at the end of dosing intervals. 10 Mechanisms of elimination and the role of CL are most apparent in blinatumomab compared to the other therapeutic proteins. Blinatumomab lacks the FcRn, and protein degradation is not delayed through the salvage pathway. 4 While most biologics have long half-lives (up to 4 weeks), 43 blinatumomab has a very short half-life of 2 hours. 45 Upon examination of popPK models published in the Clinical Pharmacology Review, blinatumomab had nearly double the IIV in CL compared to the other agents. The blinatumomab popPK analysis data from six clinical trials demonstrated a linear PK profile dosing between 5 and 90 μg/m 2 /day in adult patients. The PK profile was independent of time, body weight, and most other factors.
21
PD factors were examined to account for PK variability in blinatumomab therapy, but the complex interplay between blinatumomab and patient's immune system proves singling out variables difficult. Immunodynamics was recently proposed as a method to quantify the variations in biologic agentimmune system interactions through quantifying biomarkers. Biomarkers from Cancer Immunotherapy Trials Network include target expression in tumor microenvironment, target antigen expression, tumor infiltrating immune response, and systemic cytokine response. 40 For instance, patients started on blinatumomab may rapidly lose peripheral CD19-positive B and CD3-positive T cells, but no association was found between the effect of drug target-related factors (eg, CD19-positive B cells, CD3-positive T cells, and B-cell/T-cell ratio) and CL. 4, 46, 47 Patients on blinatumomab may also experience a transient, dose-related spike in cytokines (interleukin-6, interleukin-10, and interferon-gamma) during the first cycle of treatment, which tends to decline to baseline within 48 hours after discontinuing therapy. Patients with rapid cytokine release may be at higher risk for cytokine release syndrome or "cytokine storm", 42, 48 a condition that can lead to multiorgan failure and cardiac failure. [49] [50] [51] Cytokine elevation variability is high (100%-300%), putting patients with higher levels of cytokine elevations at greater risk for immune-related toxicity during the initial stages of therapy, 4 which leads to the creation of blinatumomab "step-up" therapy (cycle 1 with 9 μg/day continuous intravenous infusion [cIV] for 1 week followed by 28 μg/day cIV for 3 weeks and 28 μg/day cIV for 4 weeks in subsequent cycles). 21 It is unclear if cytokine elevations directly influence PK variability or what patientspecific factors influence cytokine variability.
Immunogenicity, the process of creating ADAs, was also examined, as it may alter the PK of biologics used in oncology. 10, 52 Once bound to the therapeutic protein, the ADA-protein complex triggers a regular endogenous elimination process where phagocytic cells degrade the ADA-protein complex, thereby increasing CL of the drug. 53 ADAs come in two general categories: non-neutralizing antibodies (non-nAb or "binding Ab") and neutralizing antibodies (nAb). The non-nAbs bind to the therapeutic protein without affecting the ability of the drug to bind to the therapeutic target (creating no change in PD), while the nAbs bind to the drug and prevent target binding (altering the PD). 52 In the published blinatumomab popPK analysis, four patients (,1%) tested positive for both non-nAb and nAb. As per the authors, the low incidence of the non-Ab and nAb combination did not raise concerns about ADA-related immunogenicity; 4 however, blinatumomab exposure was shown to decrease in the presence of both non-nAb and nAb. 4 Considering ADA risk increases after 4 weeks therapy 53, 54 (which also coincides with the length of cIV blinatumomab therapy), 21 variability in CL from either non-nAb or nAb formation should not be ruled out.
Another possibility for the apparent lack of covariates for blinatumomab PK variability may be due to the data used to build the E-R analysis. Clinical data were collected from the Phase II single-arm study, MT103-211. Because MT103-211 lacked a control arm, E-R analysis of clinical data may have appeared falsely steep, 55 decreasing the likelihood of teasing out baseline risk factors that influence efficacy or safety. 21, 56 In addition, patients enrolled in MT103-211 had poor prognostic factors, including early first relapse and later lines of salvage therapy 57 making it difficult to determine if PK variability or the lack of apparent covariates in this study is directly comparable to all adult patients with Ph-ALL.
Assuming the IIV of blinatumomab PK is a product of PD changes in all adult patients with Ph-ALL rather than data imbalances, teasing out immunodynamic factors that contribute to PK variability is still a challenge. Immunodynamic interactions as well as technologies that measure the individual components of immune system are still in their infancy compared to other measurement tools used in medicine. If covariates for blinatumomab therapy cannot currently be used to correct for the significant IIV during initial blinatumomab therapy, then perhaps developing TDM is a rational approach to monitor plasma levels to improve 
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Therapeutic drug monitoring of oncology biologics safety and optimize efficacy. To do this, a minimum effective plasma trough concentration must be first identified. 9, 58 The minimum plasma trough concentration of blinatumomab used in the New Drug Application was determined from preclinical studies using a CD19-positive pre-B lymphoma cell line (NALM-6) and CD8-positive T-cells. The addition of blinatumomab increased cell contact between T-and NALM-6 cells, inducing increased apoptosis and lysis of NALM-6 cells with a determined minimum inhibitor concentration (in vitro IC 90 ) of 470 pg/mL. 46, 59 Average clinical steady-state concentration ranged from around 500 to 700 pg/mL when patients received blinatumomab 28 μg/day cIV. 60 However, patients are placed on a significantly lower, subtherapeutic dose (9 μg/day) during the first week of therapy 21,60 because of the potential for life-threatening reactions during the initiation of therapy. [49] [50] [51] In the case of ALL, where ALL mortality can be months when untreated, 61 optimized dosing should be put in place as soon as possible.
Recent clinical evidence has shown increased benefit for infliximab TDM-guided dosing during the initial stages of therapy, 62 63 to determine trough levels and guide dosing.
9,58 A standardized assay, such as ELISA, would need to be developed to provide a quick turnaround time for clinical TDM. 64 Ideally, information from the ELISA would be able to feed into a decision-support tool (dashboard) for practitioners to optimize therapy, 65 which takes input data from TDM to update underlying models and provides clinicians with appropriate blinatumomab dose adjustments.
In summary, using criteria published in a previous review, 10 blinatumomab appears to have the most potential in TDMguided dosing out of the 15 oncology biologics examined. Blinatumomab has a therapeutic window within narrow enough parameters to be defined through TDM, as suggested by the published E-R relationships for efficacy and safety in addition to a defined minimum therapeutic concentration and an MTD. It is uncertain if patients will fall outside of the therapeutic window during initial therapy, as suggested by the high IIV of CL. While immunodynamic markers have potential in identifying patients with high variability (as evident by variation in cytokines), more work will need to be done in assessing how to translate PD profiles into optimizing dosing. Blinatumomab is a novel valuable tool in the arsenal against hematologic oncology, which has steadily been gaining momentum in treating B-cell hematologic cancers. To bypass the uncertainty of how covariates influence the variability in PK in addition to the complexities that come with immunodynamic interactions, a logical goal would be to identify an optimal plasma level that provides patients with the highest dose possible without developing life-threatening ADRs. Once identified, fast assay technologies and patient-friendly dashboards should be developed to quickly identify plasma blinatumomab levels in order to reach the optimized plasma level. The hope is that by optimizing blinatumomab levels and developing a TDM process of blinatumomab, efficacy and safety may be improved during the initial stages of therapy.
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